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2 
Summary 16 
Although it is generally thought that dental design reflects mechanical adaptations to 17 
particular diets, concrete concepts of such adaptations beyond the evolution of hypsodonty are 18 
largely missing. We investigated the alignment of enamel ridges in the occlusal molar surface 19 
of 37 ruminant species and tested for correlations with the percentage of grass in the natural 20 
diet. Independent of phylogenetic lineage, species that were either larger and/or included 21 
more grass in their natural diet showed a higher proportion of enamel ridges aligned at low 22 
angles to the direction of the chewing stroke. Possible explanations for this design are a 23 
potential alignment of grass blades in parallel to the molar tooth row, a potential increased 24 
proportion of a propalinal (anterior-posterior) chewing movement in grazers as opposed to a 25 
strictly transversal chewing stroke in browsers, and the general distribution of forces along the 26 
occlusal surface during the chewing stroke. The latter will be less heterogenous (with less 27 
force peaks) with an increasing proportion of low-angle enamel ridges. While the validity of 28 
these explanations will have to be tested in further studies, the enamel ridge alignment 29 
represents a clear signal that deviates from arbitrary distribution and hence most likely 30 
represents a functional adaptation. 31 
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3 
Introduction 34 
Herbivores cannot digest plant fibre by themselves; this task is performed by symbiotic 35 
microbes (Stevens & Hume 1998). Microbial digestion (=fermentation) of plant fibre takes 36 
time; however, this time can be greatly reduced if the plant material is reduced into small 37 
particles (with relatively larger surfaces) prior to being submitted to microbial fermentation 38 
(e.g. Bjorndal, Bolten & Moore 1990). Speedy fermentation allows reasonably short ingesta 39 
retention times and hence high levels of food intake (Clauss et al. 2007b). Therefore, food 40 
comminution is one of the most significant innovations in mammals, which have to fuel high 41 
levels of metabolism by high levels of food intake. 42 
Among mammals, ruminants are exceptional in terms of their chewing efficiency; they 43 
achieve significantly finer faecal particles than other terrestrial mammals (Fritz et al. 2009), 44 
resulting from a combination of efficient teeth plus selective ruminal retention of 45 
insufficiently comminuted/digested food particles and subsequent re-chewing (rumination). 46 
Among the ruminants, there are significant differences in the degree of digesta particle size 47 
reduction between captive individuals of different feeding types – grazers, intermediate 48 
feeders, and browsers (Clauss, Lechner-Doll & Streich 2002), and the difference in faecal 49 
particle size between free-ranging and captive individuals may be greater in browsing than in 50 
grazing species (Hummel et al. 2008). These functional data suggest that dental morphology 51 
and chewing performance varies among ruminants with feeding type. Differences in the 52 
degree of hypsodonty (Janis 1995, Williams & Kay 2001, Cerling, Harris & Passey 2003, 53 
Sponheimer et al. 2003, Codron et al. 2007), molar wear rates (Solounias, Fortelius & 54 
Freeman 1994) and overall wear pattern ('mesowear'; Fortelius & Solounias 2000, Franz-55 
Odendaal & Kaiser 2003) are well documented between ruminant feeding types; these are 56 
associated with diet abrasiveness and functional tooth longevity, but not directly with the 57 
function of particle size reduction. Additionally, differences between ruminant feeding types 58 
have been observed in the structure of the molar occlusal surface (Solounias & Dawson-59 
Saunders 1988, Archer & Sanson 2002), and in the mass of the masseter muscle (Clauss et al. 60 
2008a) as well as its insertion area (Solounias & Dawson-Saunders 1988, Solounias, 61 
Moelleken & Plavcan 1995). These morphological observations complement the functional 62 
observations on faecal particle size and suggest that there are fundamental differences in the 63 
way that browse and grass is processed by the ruminant masticatory apparatus. 64 
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Unfortunately, to date, these assumptions are mostly based on anatomical observations 65 
in the herbivore consumers rather than in quantitative investigations of characteristics of the 66 
plant forages (Clauss, Kaiser & Hummel 2008b). The few existing quantitative studies have 67 
been summarized in Clauss et al. (2008a,b). At the core of the differences between grass and 68 
browse is the arrangement of the vascular bundles (Sanson 1989, Nultsch 2000; Fig. 1): These 69 
are arranged in a parallel, narrowly-spaced pattern in grass, and in a less narrowly-spaced, 70 
tree-like pattern in browse. Additionally, the cell walls of grass leaves have been reported to 71 
be thicker than those of forbs or browse leaves (Spalinger, Robbins & Hanley 1986). Grass, 72 
therefore, is usually thought to offer a higher resistance to comminution (Archer & Sanson 73 
2002). This could explain the greater masseter masses and larger associated structures in 74 
grazing ruminants (see above), and should also be linked to specific adaptations in the 75 
morphology of the occlusal surface of the molars (Fortelius 1985). 76 
Archer & Sanson (2002) documented in detail some of the potential adaptations in the 77 
occlusal surface of the upper molar: grazers showed, in their study, a longer central enamel 78 
ridge with a greater number of folds and a thicker lingual part, an accessory central pillar, and 79 
an extension of the lingual ridge (basal pillar). The authors interpret their findings as an 80 
increase in cutting or ‘shearing’ edges. The tough grass material must rather be ‘cut’; browse 81 
is rather ‘crushed’ in wider dentine basins. This view coincides with that of Hofmann (1989) 82 
who contrasts the dental function of browsers as ‘puncture crushing’ to the ‘grinding’ of 83 
grazers. 84 
A particular observation of Archer & Sanson (2002) concerns the proportion of enamel 85 
ridges that is in parallel rather than perpendicular to the chewing stroke. Their description 86 
(Archer & Sanson 2002, p. 24) indicates that grazers have a higher proportion of such parallel 87 
ridges, which creates ‘sluiceways’ in which ingesta can be transported from the buccal to the 88 
lingual side of the occlusal surface. However, this observation was not quantified. It was our 89 
aim to test whether enamel ridge alignment varied with feeding type among extant wild 90 
ruminant species; in accord with the visual impression (Fig. 2) and Archer & Sanson (2002) 91 
we hypothesized that grazer have a higher proportion of enamel ridges aligned in steep angles 92 
towards the plane of the chewing stroke than browsers. 93 
 94 
Materials and Methods 95 
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Molar tooth crowns of 37 ruminant species of the families Bovidae, Giraffidae and 96 
Cervidae (Table 1) were moulded using Provil Soft dental moulding putty (Bayer). Casts were 97 
made using Injektionsharz EP epoxy resin (Reckli). Specimens used are from the collections 98 
of the Forschungsinstitut Senckenberg (Frankfurt, Germany), the American Museum of 99 
Natural History (New York, USA), Smithsonian (Washington, USA) and the Zoological 100 
Museum of the University Copenhagen (Denmark). The number of samples per taxon varied 101 
between 2 and 6 (Table 1). Specimens selected for this study are free-ranging, medium aged 102 
individuals with the upper M3 already in wear, but no cheek tooth yet worn out. Individuals 103 
of both sexes were investigated. The second upper molar was used, as it is thought to be 104 
functionally most important (Janis 1990). Additionally, this tooth position has become a 105 
standard in functional analysis of mammalian teeth and dietary evaluation based on teeth 106 
(Fortelius & Solounias 2000, Archer & Sanson 2002, Solounias & Semprebon 2002, Kaiser & 107 
Fortelius 2003, Kaiser & Solounias 2003, Merceron et al. 2007). Observations based on 108 
differential mesowear in ungulates by Kaiser & Fortelius (2003) suggest that functional 109 
optimization should be even more explicit in upper molars, as in these teeth the probability of 110 
unloaded wear is, due to gravity, low compared to lower molars. If possible, the left upper 111 
molar was analysed. In some specimens no well-preserved left molar was available; in these 112 
cases, right molars were used, and the image data were subsequently digitally mirrored. 113 
 114 
Measuring enamel ridge alignments 115 
The enamel ridge pattern of the occlusal surface was quantified by measuring the 116 
directions of the enamel edges according to Kaiser (2002). In order to quantify the directions 117 
of edges, each occlusal surface was digitally photographed with a high resolution camera 118 
scanner (KONTRON ProgRes) at a resolution of 4400 x 3400 pixels. In order to project relief 119 
information into a non-distorted plane, a highly corrected telecentric lens system (Carl Zeiss 120 
Jena) was used for image acquisition. Although in doing so, three-dimensional information of 121 
the occlusal surface was transformed into two dimensions, this is unlikely to significantly 122 
alter the pattern and major findings reported here. The outlines of any enamel ridge were 123 
traced at the computer screen, using the software AdobePhotoshop 4.0 linked to a WACOM 124 
drawing pad. In order to orient the image, the chewing direction was taken from the 125 
orientation of the V-shaped bucco-lingual groove developed across the two halves of a 126 
selenodont ruminant tooth. The image was strictly oriented in this way, so that the 127 
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chewing/power stroke direction would be represented by the vertical axis of the pixel matrix, 128 
and in the images from up to down. The procedure that followed is indicated in Figure 3. 129 
Teeth were scaled to the same size to fit a length of 4400 pixels in the matrix. Scaling was 130 
applied for convenience of applying the following steps and algorithms, that need a 131 
standardized data matrix. Because it is the proportion of the individual angles, and not the 132 
total number of points at which the angles were determined, scaling cannot be expected to 133 
influence the results of this study in a relevant way.  134 
The proximity of adjacent enamel ridges and the width of a given enamel ridge is 135 
considered a major functional factor (e.g. Archer & Sanson 2002, Kaiser 2002, Schmidt-136 
Kittler 2002). Therefore, an algorithm (FR-algorithm) was developed in order to identify 137 
enamel ridges situated in close proximity to each other, and unite them into one ‘functional 138 
ridge artifact’. On the other hand, narrow ridges situated in greater distances to others are 139 
abolished, because of their proposed reduced functional significance at the occlusal surface. 140 
The FR-algorithm first applies a Gaussian blur algorithm of 35 pixel radius to a black enamel 141 
ridge representation of 4400 pixels width. It then converts the resulting grey scale matrix into 142 
a one bit (black and white) matrix, applying the 50% dichotomization algorithm of ADOBE 143 
Photoshop CS4 software. This algorithm fuses any close ridges that exceed a predefined cut-144 
off point in width, and deletes isolated narrow ridges (for the effect on an observed enamel 145 
ridge pattern see Fig. 4). The resulting matrix of coordinates is expected to be a strictly 146 
functional pattern of the occlusal configuration. Reference is made to it as the ‘functional 147 
residual matrix’ (FRM). A graphical data output of the FRM results in an ‘enamel ridge 148 
pattern artifact’ which appears much simplified in the case of an occlusal surface with 149 
complicated thin ridges (Fig. 5). 150 
On the resulting FRM an edge-tracing algorithm was applied using the image analysis 151 
software OPTIMAS generating Cartesian co-ordinates representing the margins of every 0.1 152 
mm long section of the enamel edges. This results in 5000 to 10 000 co-ordinates for each 153 
tooth. Actively functioning (leading, functional) edges were subsequently discriminated from 154 
passive functioning (trailing) edges, based on the chewing direction. This results in the 155 
‘functional edge matrix’ (FEM; Fig. 5) and only these leading edges were investigated 156 
further. 157 
 158 
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A tangent-recording algorithm was subsequently applied to calculate the current heading 159 
in degrees for each tangent. Angles were calculated for the chewing direction as a reference. 160 
The same functional significance for tilts of the same angle clockwise and counter-clockwise 161 
to the chewing direction is assumed. A tangent of 100° would thus be equal to 80° and would 162 
be recorded as 80°. Subsequently all edge alignments were recorded in a range between 0° 163 
and 90°. Zero degree (‘low angles’) would be parallel, 90° (‘high angles’) exactly 164 
perpendicular to the chewing direction. Counts of edge increments were alternatively 165 
summarised into clusters of 5°, resulting in 18 clusters, which together represent 100% of the 166 
leading edges. The cluster frequencies expected in a random distribution was 5.56%. In order 167 
to correct the sampling algorithms for distortions that may result from the pixel nature of the 168 
image, a set of 10 patterns of randomly winded crests was analysed and a calibration 169 
parameter was generated for each cluster sampled, using the expected random distributions as 170 
references. Finally, for the statistical evaluation, two clusters were calculated for each species, 171 
representing all tangents between 0° and 45° (FRM 0°-45°), and all tangents between 10° and 172 
40° (FRM 10°-40°), respectively. These two data ranges representing the low angle category 173 
were used to control whether the result would be fundamentally different if the range of 174 
angles was changed. 175 
 176 
Body mass and feeding type data 177 
Body mass values were calculated as weight average values based on data provided by 178 
Grzimek (1988). Data missing from this source were taken from Janis (1988, 1990). As in 179 
more recent evaluations of the influence of adaptation to the natural diet in ruminants (Clauss 180 
et al. 2008b), the percentage of grass in the natural diet (%grass) was used to characterize 181 
species on a continuous scale. The bulk of the respective data was taken from Van Wieren 182 
(1996) and from the data collection that formed the basis of Owen-Smith (1997, data kindly 183 
provided by the author), which were supplemented by several other publications (Table 1). 184 
Whenever seasonal data was available, the %grass used to characterise a species represents 185 
the mean of the values from different seasons. It should be noted that this literature data was 186 
collated using a variety of sources and methods, and does not represent the actual diet 187 
ingested by the individuals measured in this study. Additionally, species were categorized as 188 
browsers, intermediate feeders, or grazers according to Hofmann (1985, 1988, 1989, 1991, 189 
2000) and Hofmann et al. (1995) for exploratory purposes. 190 
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 191 
Statistical analysis 192 
Relationships among species were inferred from a phylogenetic tree based on the 193 
complete mitochondrial cytochrome b gene. Respective DNA sequences were available from 194 
GenBank (http://www.ncbi.nlm.nih.gov) for all ruminant species investigated. Sequences 195 
were aligned using CLUSTALX (Thompson et al. 1997), visually controlled and trimmed to 196 
identical lengths (1143 bp). To select the best-fitting nucleotide substitution model for the 197 
data, a combination of the software packages PAUP* (v.4.b10; Swofford 2002) and 198 
MODELTEST (v.3.7; Posada & Crandall 1998) was used. Analysis was based on a hierarchical 199 
likelihood ratio test approach implemented in MODELTEST. The model selected was the 200 
general time-reversible (GTR) model (Lanave et al. 1984, Tavaré 1986) with an allowance 201 
both for invariant sites (I) and a gamma (G) distribution shape parameter (α) for among-site 202 
rate variation (GTR+I+G) (Rodriguez et al. 1990). The nucleotide substitution rate matrix for 203 
the GTR+I+G model was likewise calculated using MODELTEST. Parameter values for the 204 
model selected were: -lnL = 12362.3779, I = 0.4697, and α = 0.8382 (8 gamma rate 205 
categories). The phylogenetic reconstruction based on these parameters was then performed 206 
using the maximum likelihood (ML) method implemented in TREEPUZZLE (v.5.2; Schmidt et 207 
al. 2002). Support for nodes was assessed by a reliability percentage after 10000 quartet 208 
puzzling steps; only nodes with more than 50% support were retained. The resulting tree is 209 
displayed in Figure 6. The basal polytomy for familial relationships (Bovidae, Cervidae, 210 
Giraffidae and Antilocapridae) was resolved assuming it to be a soft polytomy (Purvis & 211 
Garland 1993). In order to meet the input requirements for the phylogenetic analysis 212 
implemented in the COMPARE 4.6 program (Martins 2004), we resolved the remaining 213 
polytomies to full tree dichotomy by introducing extreme short branch lengths (l = 0.000001) 214 
at multifurcating nodes. Taxa grouping in the bifurcating process followed the phylogenies 215 
proposed by Pitra et al. (2004) for Cervidae and by Fernandez and Vrba (2005) for all other 216 
taxa. 217 
The subjects of the comparative analyses were individual species, each characterized by 218 
its respective FRM 0°-45° and FRM 10°-40° as described above. Statistical analyses were 219 
performed with and without accounting for phylogeny, to test for the validity of a general, 220 
functional hypothesis, and to then discriminate between convergent adaptation and adaptation 221 
by descent. Data were analysed by correlation and regression analysis. In order to include 222 
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phylogenetic information, we used the Phylogenetic Generalized Least-Squares approach 223 
(Martins & Hansen 1997, Rohlf 2001) in which a well-developed standard statistical method 224 
was extended to enable the inclusion of interdependencies among species due to the 225 
evolutionary process. In order to test the robustness of the results, the comparative analysis 226 
was performed for both a set of phylogenetic trees involving branch lengths (tree 1) and 227 
another tree based only on the phylogenetic topology (tree 2). As there were no relevant 228 
differences in the results, only the tests using tree 1 are given here. The COMPARE 4.6 229 
program (Martins 2004) served for the phylogenetically controlled calculations. The other 230 
statistical calculations were performed with the SPSS 12.0 software (SPSS, Chicago, IL). The 231 
significance level was set to α = 0.05. 232 
 233 
Results 234 
In general, all species showed a broadly similar pattern of enamel ridge alignment, with 235 
a low frequency of ridges at 0-45° to the chewing stroke (with 0° being in parallel), and an 236 
increasing proportion of higher-angle ridges, with a maximum of ridges at 80-85° (with 90° 237 
being perpendicular); ridge alignment differed systematically from a random distribution (Fig. 238 
7). Among the three categorical feeding types, it seemed that the increase in the proportion of 239 
ridges of increasing angle was more prominent in browsers and intermediate feeders (Fig. 240 
7ab) than in grazers (Fig. 7c). In grazers, this increase appeared less steep, indicating higher 241 
proportions of ridges aligned in lower angles (‘less perpendicular’) towards the chewing 242 
stroke. When plotting average values for different size classes (Fig. 8), it appeared that 243 
smaller species display a steeper pattern, with a higher proportion of high and a lower 244 
proportion of low angle ridge alignment (‘more perpendicular’). 245 
In order to evaluate the data statistically, the proportion of ridge alignment in the angle 246 
range of 0°-45° and 10°-40° were calculated. The resulting proportions varied systematically 247 
both with body mass (Fig. 9ab) and with the proportion of grass in the natural diet (Fig. 9cd). 248 
Multiple regression analysis, with body mass and %grass as the independent and FRM 0°-45° 249 
as the dependent variables, yielded significant result (R2=0.44, p<0.001), with both body mass 250 
(b=0.031, p<0.001) and %grass (b=0.092, p=0.019) contributing significantly to the 251 
regression. Similarly, when FRM 10°-40° was used as the dependent variable, the result was 252 
significant (R2=0.52, p<0.001), with both body mass (b=0.025, p<0.001) and %grass 253 
(b=0.084, p=0.003) contributing significantly to the regression. Using Phylogenetic 254 
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Generalized Least-Squares for these regressions did not change the results in a relevant way 255 
(dependent variable FRM 0°-45°: R2=0.45, p<0.001; body mass b=0.031, p<0.001; %grass 256 
b=0.102, p=0.013; dependent variable FRM 10°-40°: R2=0.52, p<0.001; body mass b=0.025, 257 
p<0.001; %grass b=0.088, p=0.003). Thus, variation in both body mass and %grass 258 
contributed significantly to the variation in the frequency of low-angle ridge alignment (for a 259 
plot of the correlation between %grass and the body mass residuals of FRM as calculated 260 
using Phylogenetic Generalized Least-Squares, see Fig. 9ef). 261 
 262 
Discussion 263 
The results indicate morphological adaptation in the enamel ridge alignment of ruminant 264 
molars on different levels. In general, enamel ridges show a pattern that is different from the 265 
one expected in random alignment, supporting that enamel ridge alignment reflects a 266 
directional evolutionary trajectory and possibly a functional adaptation (Rensberger 1986, 267 
Kaiser 2002). 268 
The majority of enamel ridges are aligned nearly perpendicular (75°-85°) to the chewing 269 
stroke in ruminants (Fig. 7). Similar ridge alignment was reported in equids (Rensberger, 270 
Forsten & Fortelius 1984, Kaiser 2002) and some rodents (Schmidt-Kittler 2002; note that in 271 
rodents, the chewing stroke is proal, and ridge alignment is therefore different from that in 272 
ungulates but perpendicular to the specific chewing stroke direction), suggesting that such 273 
angles are the result of convergent evolution in various herbivores, which in itself indicates an 274 
adaptive mechanical function of this position. Similar to findings in larger and more grazing 275 
ruminants, a higher proportion of low angle-ridges were noted in the molars of equids 276 
(Rensberger, Forsten & Fortelius 1984, Kaiser 2002), again suggesting convergence. The 277 
evident questions arising from these findings are: Why are high angle ridges towards the 278 
direction of chewing adaptive in general, and what additional adaptive function does the 279 
addition of low angle ridges with the direction of chewing have in larger animals or animals 280 
consuming higher amounts of grass? 281 
Before answering these questions, we must emphasize that this study cannot describe 282 
the function of enamel ridges based on empirical data. On the one hand, model studies testing 283 
the actual function of enamel ridges are lacking to our knowledge; on the other hand, a 284 
complete discussion of enamel ridge alignment would require data on the ridge alignment of 285 
the mandibular molar antagonist. Unfortunately, such data is lacking. However, based on 286 
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personal observations, and on analogy from rodents as documented by Schmidt-Kittler 287 
(2002), we can assume that the enamel ridge pattern of the mandibular molar antagonist is not 288 
an exact mirror image of that of the maxillary molar; in other words, during the chewing 289 
stroke, the enamel ridges of both antagonists will be in contact only at certain points at any 290 
given time, and not in contact along the whole length of the ridges. For rodents, Schmidt-291 
Kittler (2002) suggested that the arrangement of opposing enamel ridges assured a more or 292 
less constant number of contact points over the whole chewing stroke, and thus guaranteed an 293 
even distribution of resistance. Similar observations have been made for rhinoceroses 294 
(Fortelius 1985). Actually, as food is compressed during the chewing stroke in variable 295 
degrees, one could even speculate that the number of enamel contact points between 296 
antagonists is distributed across the chewing stroke path in such a way that it balances, at any 297 
given time, the variance in resistance due to food compression. To date, however, these 298 
thoughts remain speculative. 299 
In the further discussion of the relevance of enamel ridge alignment in relation to the 300 
direction of the chewing stroke, we will follow Kaiser (2002) in assuming that a ridge that is 301 
perpendicular to the direction of the chewing stroke will have maximum cutting effect across 302 
its whole length, whereas a ridge that runs in parallel to the direction of the chewing stroke 303 
will have little cutting effect in a purely transversal chewing system. In discussing the reasons 304 
for a higher proportion of low-angle enamel ridges in larger and more grazing species, we 305 
present three arguments – the potential alignment of food with respect to the chewing stroke, 306 
a potential increase in propalinal (anterio-posterior) movements during the chewing stroke in 307 
grazers as opposed to strictly tranversal (bucco-lingual) chewing movements in browsers, and 308 
the general distribution of forces during the chewing stroke. 309 
 310 
Potential alignment of food 311 
Due to the elongated form of grass leaves and stems, grasses are likely to align in 312 
parallel to the tongue and the molar tooth row in the oral cavity. The observation that grass 313 
blades tend to orient themselves in parallel to each other was made by Moore (1999) in 314 
herbivorous birds. Given their typical vascularisation pattern (Fig. 1a), this will mean that 315 
most vascular bundles present in the food will be in perpendicular alignment to the chewing 316 
stroke, and therefore not likely to be optimally cut by enamel ridges that are also aligned in 317 
the same direction. In contrast, low-angle enamel ridges could serve to effectively cut the 318 
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grass blades along their length, especially during the initial chewing strokes, to reduce the 319 
blades into sizeable pieces that can more easily be manoeuvred in the oral cavity. This 320 
explanation would be particularly applicable to larger grazers that crop long grass blades. 321 
However, it cannot explain the general tendency of the increase in the proportion of low-322 
angle enamel ridges in larger ruminants of any feeding type. 323 
 324 
Propalinal movement vs. transversal chewing stroke 325 
In all ruminants, the chewing stroke is predominantly transversal (Fortelius 1985). 326 
However, due to variation in the mechanical guidance of the chewing direction, differences 327 
between the feeding types might occur. 328 
Since monocot foods are generally more abrasive than dicot foods due to the presence of 329 
abrasive silica (McNaughton et al. 1985), abrasion constitutes a second major constraint in 330 
grass dominated diets. It has been shown by Fortelius and Solounias (2000) that occlusal 331 
tooth relief in ruminants is strictly related to diet abrasiveness. In general, abrasive diets - 332 
whether in free-ranging or in captive animals - produce low reliefs (Clauss et al. 2007a, 333 
Kaiser et al. 2008), and in extreme grazers the worn occlusal surfaces are completely flat. In 334 
browsing species, the high relief of the antagonistic occlusal surfaces will provide mechanical 335 
guidance during the power stroke, like a guide. In grazers, with a flat occlusal surface, the 336 
absence of such a mechanical guidance (because the antagonistic occlusal surfaces do not 337 
‘lock’ but are flat) will need to be compensated for by the masseter muscles. As compared to 338 
mechanical rail guidance, muscle guidance will ultimately result in less precise chewing 339 
movements, which will, besides of the transversal (bucco-lingual) stroke, also involve proal 340 
(anterior) movements to a higher degree. In browsers, however, dental movements will be 341 
strictly guided by the mechanical constraints of the bucco-lingual grove on the occlusal 342 
surface that acts as a rail, and releases the masseter musculature from the guidance task, 343 
which may be another reason for lower total masseter muscle masses in browsers (Clauss et 344 
al. 2008a). Strokes resulting in forces locally challenging the stress limits of dental tissues are 345 
therefore less likely in browsers than in grazers. Low-angle enamel ridges will limit stress 346 
peaks in species involved in abrasive diet comminution and thus contribute in dental 347 
durability and functional integrity, but at the same time work as efficient cutting edges during 348 
putative popalinal movements of the fundamentally transversal chewing stroke. Again, this 349 
cannot explain the general tendency of the increase in the proportion of low-angle enamel 350 
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ridges in larger ruminants of any feeding type, but only in those ingesting highly abrasive 351 
diets. 352 
 353 
Force distribution during the chewing stroke 354 
Compressing food between enamel ridges perpendicular to the chewing direction will 355 
lead to an uneven distribution of compressive forces, with a maximum at that point when the 356 
food can no longer be compressed between the ridges and is cut (Schmidt-Kittler 2002). We 357 
hypothesize that such an uneven distribution of forces is probably unavoidable, but should be 358 
considered unfavourable for the chewing process, as it may easily produce forces exceeding 359 
the resistance of enamel ridges and result in material failure. Enamel ridges should be either 360 
wide enough to resist these forces, or be stabilized by supportive structures that distribute 361 
these forces more equally to the adjoining tissues, such as low-angle enamel ridges. This 362 
observation can be made in many grazing ruminants. An uneven distribution of forces will be 363 
the more disadvantageous, the less the ingested food yields to compression/crushing. 364 
While toughness of food can be expected to be higher in a diet of grass leaves and stems 365 
compared to a diet of browse leaves, a browse diet can be expected to be at least of the same 366 
toughness in the large spectrum of body sizes, due to an increasing proportion of twig 367 
material in the ingested diet. Larger animals and animals with a higher proportion of grass in 368 
their natural diet will thus probably have one thing in common: the physical toughness of 369 
their food. 370 
As herbivores become larger, they have to accept food of lesser quality, i.e. lower levels 371 
of cell contents and a higher fibre content, and hence probably of more physical resistance to 372 
comminution (Owen-Smith 1988, Codron et al. 2007). As animals include more grass in their 373 
diet, this diet should also, according to the literature cited in the Introduction, become more 374 
resistant to comminution because of its high proportion of sclerotized vascular bundles 375 
arranged in parallel lines (Fig. 1a). Therefore, we can assume that more grazing animals and 376 
larger species independent from their feeding trait will experience a more heterogenous 377 
distribution of chewing forces in a dental design with enamel ridges aligned perpendicularly 378 
to the chewing stroke. 379 
Enamel ridges aligned at a low angle to the chewing stroke might reduce this 380 
heterogenity of forces during the power stroke to some degree. A low angle-ridge will allow a 381 
higher proportion of the chewing force to result in low-resistance motion with only a fraction 382 
14 
of the force resulting in actual shearing action, thus preserving the momentum of the chewing 383 
stroke to a higher degree. If low angle-ridges are aligned in a V- or U-shaped pattern, food 384 
compression within the V or U will occur over a longer distance, which again would reduce 385 
the heterogenous distribution of chewing forces along the chewing stroke. 386 
When comparing the enamel ridge patterns in Fig. 2 and 5, grazers appear to have two 387 
particular circular, pillar-like structures in their enamel ridge pattern, composed of the 388 
‘ectoloph’ (R1 in Fig. 5) and the second enamel ridge (R2). This pattern can be nicely seen in 389 
Fig. 5a, where R1 and R2, together, form distinct circle-like structures on the occlusal surface. 390 
In intermediate feeders, this feature is less developed, and in browsing species it is not 391 
particularly evident (Fig. 2). Because the ectoloph (R 1) contributes to this circular structure 392 
in grazing species it contributes significantly to the high proportion of low-angle ridges, while 393 
in browsers the ectoloph is rather straight and oriented perpendicularly to the chewing 394 
direction. As a possible functional trait, this circular structure in grazers is likely to stabilize 395 
the highly protruding enamel ridges of grazers from fracturing, which otherwise would be 396 
more likely due to the high chewing forces needed to comminute grass. 397 
 398 
Outlook 399 
While these thoughts must remain speculative, and potential other adaptive functions 400 
cannot be excluded, we think that the geometric properties of low angle-ridges can help to 401 
explain their increased presence in animals exposed to food of a higher mechanical resistance, 402 
and function in conjunction with comparatively stronger masticatory muscles (see 403 
Introduction). 404 
The hypotheses generated by Archer & Sanson (2002), Kaiser (2002) and this study 405 
remain to be tested in physical or digital models. Additionally, functional tests that quantify 406 
the mechanical properties of different forages are warranted. Considering not only enamel 407 
ridge patterns but the whole animal, we can assume that not all convergent adaptations to the 408 
natural diet demonstrated in the literature are present in all ruminant species to a similar 409 
degree. For example, while Hofmann et al. (2008) could demonstrate a systematic variation of 410 
salivary gland mass with feeding type among cervids, no such systematic variation was 411 
evident in the dataset of the present study (Fig. 10); in contrast, data on salivary gland mass 412 
(Hofmann et al. 2008) and masseter mass (Clauss et al. 2008a) did not show a difference 413 
within the Bovinae between the more grazing Bovini and the more browsing Tragelaphini; 414 
15 
however, in the dataset of the present study, such a difference appears evident (Fig. 10). 415 
Additionally, historical shifts in feeding niches will influence analyses of convergent 416 
evolution (Clauss et al. 2008b): in particular, characters evolved as adaptations to grass diets 417 
may be retained if lineages return to a more intermediate or browsing feeding niche. A look at 418 
Miocene horses reveals such a similar phenomenon in the extinct group of hipparions. 419 
Hipparions did not fundamentally change their complex dental pre-adaptation to abrasive 420 
foods (heavily folded enamel ridges and hypsodonty), even after several independent lineages 421 
had shifted back to a mixed or browsing diet during the late Miocene (Bernor & Armour-422 
Chelu 1999, Kaiser 2003, Kaiser et al. 2003). Only a combination of functional and historical 423 
aspects will lead to a comprehensive understanding of evolutionary convergence. 424 
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Table 1. Proportion of enamel ridges aligned in certain angles to the chewing stroke in 625 
ruminant species of different feeding type (FT; 1=browser, 2=intermediate feeder, 626 
3=grazer), body mass (BM), and with different proportions of grass in their natural 627 
diet (%grass). 628 
 629 
Common 
name 
Species FT n 
BM 
(kg) 
0°-
45° 
10°-
40° 
0°-
5° 
5°-
10° 
10°-
15° 
15°-
20° 
20°-
25° 
25°-
30° 
30°-
35° 
35°-
40° 
40°-
45° 
45°-
50° 
50°-
55° 
55°-
60° 
60°-
65° 
65°-
70° 
70°-
75° 
75°-
80° 
80°-
85° 
85°-
90° 
%grass Source 
Red duiker C. natalensis 1 4 12 22.1 7.8 4.0 5.1 0.3 3.0 1.9 0.5 2.0 0.2 5.2 5.2 4.8 6.6 9.1 7.7 11.1 8.0 11.6 13.7 1.0 3 
Bay duiker 
Cephalophus 
dorsalis 
1 5 18 31.9 21.2 1.4 2.8 3.0 3.8 3.1 3.4 3.4 4.6 6.5 7.3 8.2 6.6 6.2 7.9 6.4 8.8 10.0 6.7 0.0 3 
Black 
duiker 
C. niger 1 4 18 16.2 8.4 4.5 1.3 0.0 0.4 3.9 1.0 0.8 2.4 2.0 5.0 3.5 7.0 9.1 7.8 13.5 17.9 12.9 7.1 1.0 3 
Roe deer C. capreolus 1 5 25 23.1 11.8 4.5 3.6 1.9 2.1 0.0 7.0 0.5 0.3 3.1 4.4 10.4 9.7 5.3 8.4 5.2 6.0 17.9 9.5 9.0 1 
Gerenuk L. walleri 1 3 37 6.1 5.7 0.0 0.1 0.4 0.9 1.4 1.4 1.0 0.6 0.4 1.7 4.0 3.7 6.4 11.4 13.8 16.7 20.5 15.8 0.0 2 
Bushbuck T. scriptus 1 4 53 10.0 5.9 2.3 0.0 0.5 0.9 1.9 0.9 0.0 1.8 1.9 0.5 5.1 12.0 9.0 6.8 9.3 9.8 26.9 10.6 10.0 1 
Yl.-b. 
duiker 
C. silvicultor 1 3 63 37.8 20.9 4.6 8.6 6.0 2.8 2.9 2.9 2.3 4.0 3.7 4.0 4.3 4.2 8.3 10.4 6.0 8.1 11.6 5.3 1.0 3 
White-t. 
deer 
O. 
virginianus 
1 5 70 31.6 20.3 2.5 3.5 4.1 2.6 2.4 2.7 4.2 4.3 5.4 3.6 4.6 5.6 6.6 8.0 7.3 11.5 14.0 7.2 9.0 1 
Mule deer O. hemionus 1 4 80 11.9 7.9 0.0 2.3 2.4 1.1 0.8 1.3 0.8 1.5 1.7 4.7 8.5 9.9 11.2 10.3 13.9 11.3 12.7 5.6 11.0 1 
Less. kudu T. imberbis 1 3 95 26.2 16.0 3.0 5.6 3.2 1.9 2.6 2.8 2.1 3.4 1.6 3.1 5.2 5.2 7.2 5.5 8.4 11.0 17.6 10.6 10.0 2 
Okapi O. johnstoni 1 3 230 31.0 20.4 1.8 3.5 3.9 1.5 3.1 3.9 3.9 4.2 5.3 8.5 8.0 6.8 5.5 7.2 5.6 8.8 11.8 6.8 0.0 4 
Gr. kudu 
T. 
strepsiceros 
1 3 230 29.4 21.2 2.1 2.8 3.4 3.0 3.9 3.8 3.5 3.6 3.4 3.6 3.6 4.6 5.6 7.5 9.2 13.6 14.4 8.5 5.0 1 
Moose A. alces 1 3 320 24.6 16.7 1.0 1.4 2.3 3.2 2.0 2.8 2.8 3.7 5.4 4.9 6.7 5.6 5.7 7.5 7.5 11.5 16.5 9.5 2.0 1 
Giraffe G. camelop. 1 5 900 38.9 28.3 1.4 3.7 4.0 4.0 5.4 5.8 4.4 4.9 5.4 5.7 4.8 4.4 4.6 5.8 8.4 11.3 11.0 5.2 0.2 2 
Thomson's 
gaz. 
G. thomsoni 2 5 23 28.6 19.0 0.5 5.8 5.8 3.0 3.1 2.9 2.0 2.3 3.2 3.7 5.5 5.1 8.4 6.7 7.5 9.2 15.1 10.2 75 3 
Saiga S. tartarica 2 3 35 23.4 15.2 0.6 3.1 3.8 1.0 4.5 1.7 1.5 2.6 4.5 2.5 3.3 3.4 4.5 8.6 11.7 13.9 20.8 8.0 26.5 5 
Impala 
A. 
melampus 
2 6 55 26.6 15.3 3.9 4.1 1.6 2.7 3.5 3.1 1.6 2.8 3.4 2.3 5.3 5.5 7.0 6.9 10.6 14.6 15.5 5.6 60.0 1 
Grant's gaz. G. granti 2 4 58 21.3 15.7 1.0 1.8 2.5 1.8 2.3 2.4 2.7 4.0 2.8 3.2 4.4 5.7 7.4 8.5 8.3 12.5 18.8 9.9 50.0 1 
Ibex C. ibex 2 3 63 16.0 11.4 1.3 2.0 2.5 3.3 1.6 1.5 0.7 1.8 1.3 1.8 3.8 5.2 5.0 7.7 15.4 17.1 19.7 8.3 60.0 1 
Serow C. crispus 2 3 82 24.4 14.6 3.2 4.3 3.2 4.1 1.2 2.1 2.2 1.8 2.3 2.0 3.9 6.2 5.2 8.6 9.0 14.0 17.2 9.5 70.0 1 
Reindeer R. tarandus 2 5 180 26.6 15.4 2.2 5.0 4.9 1.7 2.0 1.9 1.5 3.3 4.0 4.0 4.9 7.4 7.5 7.1 8.6 11.9 14.2 7.9 36.0 1 
Eland T. oryx 2 4 500 33.9 21.3 1.8 7.1 4.8 4.5 3.8 3.0 2.7 2.5 3.7 3.3 3.1 5.3 7.0 6.9 8.8 10.0 14.0 7.8 50.0 3 
Oribi O. ourebi 3 4 17 19.3 11.1 3.4 1.0 0.4 0.6 0.0 0.8 2.8 6.5 3.9 5.6 5.1 5.6 9.6 10.0 9.7 15.4 13.7 6.0 48.5 2 
Chousingha T. quadric. 3 3 20 19.8 9.6 0.0 0.0 3.8 4.0 0.0 1.3 0.0 0.4 10.2 8.1 7.8 13.1 5.9 11.2 3.5 10.3 11.0 9.5 80.0 6 
Reedbuck R. redunca 3 4 50 43.1 30.4 0.7 2.6 2.9 4.6 3.7 5.2 6.7 7.1 9.5 4.4 8.4 5.9 6.1 6.2 5.2 9.0 7.2 4.6 95.0 3 
Tsessebe D. lunatus 3 3 65 17.4 13.6 0.1 1.1 1.9 1.7 1.2 2.3 3.0 3.5 2.6 2.8 7.0 8.5 6.4 10.5 13.2 10.5 15.5 8.2 99.3 2 
Bontebok D. pygarus 3 3 118 24.4 17.2 1.1 2.2 2.7 2.3 2.8 2.5 3.4 3.5 3.8 5.1 5.5 5.0 7.7 9.3 11.7 13.6 11.6 6.0 100.0 7 
P.-David’s 
deer 
E. 
davidianus 
3 3 120 26.9 18.3 2.7 2.5 2.5 2.1 2.8 3.9 3.4 3.7 3.5 3.2 4.9 4.7 5.5 9.2 10.0 10.0 16.4 9.2 75.0 8 
Wildebeest C. gnou 3 3 160 31.8 23.0 2.0 3.4 4.6 4.5 4.1 3.0 3.9 3.0 3.4 3.4 4.8 5.9 5.4 6.1 6.9 10.7 16.0 9.1 81.0 3 
Hartebeest 
A. 
buselaphus 
3 6 180 35.5 22.8 4.0 3.1 2.6 2.1 3.7 4.7 3.9 5.8 5.7 5.1 5.4 5.2 6.3 6.9 7.6 8.3 12.2 7.4 96.7 2 
Waterbuck K. ellipsipr. 3 3 190 36.8 25.8 2.6 3.6 3.9 3.6 4.0 5.0 4.9 4.3 4.8 5.3 6.9 7.4 7.5 6.8 6.7 7.8 9.4 5.4 80.0 2 
Wildebeest C. taurinus 3 5 215 26.9 17.9 1.4 2.3 2.6 3.0 3.0 2.3 2.9 4.1 5.3 5.6 5.1 5.8 5.7 7.6 8.7 12.3 15.7 6.7 90.0 1 
Sable H. niger 3 4 220 38.9 29.4 1.8 3.9 5.3 5.5 4.6 5.4 3.7 5.0 3.9 4.3 4.7 5.2 5.3 6.9 6.1 9.3 12.0 7.3 93.0 9 
Muskox 
O. 
moschatus 
3 6 220 21.6 15.4 0.5 2.7 2.6 2.7 3.4 2.6 2.2 1.9 3.0 2.5 4.9 5.4 6.1 7.5 10.5 12.2 18.5 10.9 62.0 1 
Roan H. equinus 3 3 270 55.4 41.8 2.9 6.5 9.1 6.1 7.3 7.0 7.0 5.4 4.2 5.0 4.5 4.0 3.5 4.3 4.6 5.8 8.1 4.6 85.0 3 
African 
buffalo 
S. caffer 3 3 600 49.9 35.2 4.4 5.2 5.7 5.7 6.8 5.5 5.4 6.3 5.1 5.1 4.7 4.3 4.8 4.7 5.8 7.4 8.4 4.7 90.0 1 
Bison B. bison 3 3 650 49.9 34.5 4.4 7.6 9.0 8.1 4.9 4.7 4.0 3.7 3.4 2.6 3.7 3.6 3.7 6.4 5.8 8.3 11.2 4.8 84.0 1 
21 
Sources for %grass data: 1 (Van Wieren 1996), 2 (Owen-Smith 1997, per. comm.), 3 (Gagnon 630 
& Chew 2000), 4 (Hart & Hart 1988), 5 (Bannikov et al. 1967), 6 (estimated from 631 
Nowak 1999), 7 (Du Plessis 1972), 8 (Geist 1999), 9 (Grobler 1974) 632 
 633 
634 
22 
 634 
Figure 1. Arrangement of vascular structures in the leaves of A) monocots (‘grass’), B) dicots 635 
(‘browse’), C) enlargement from B) (from Nultsch 2000). 636 
637 
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 637 
Figure 2. Upper second molar occlusal surfaces of some of the species included in this study. 638 
The occlusal enamel ridge pattern of a typical specimen is shown in original size. The buccal 639 
24 
side of the molar is directed towards the top of the page, and the lingual side towards the 640 
bottom. Note the presence of central and basal pillars in some species. Animal pictograms are 641 
partly adapted from Mochi and Carter (1971). 642 
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 643 
Figure 3.  The procedure of determining functional enamel edge alignments applied in this 644 
study. A simplified cyclic ‘enamel ridge’ serves as a model. a) Enamel ridge is digitised. b) 645 
determination of enamel ridge boundaries forming edges at the occlusal surface. c) Deletion 646 
of trailing edges relative to the chewing direction (dotted arrow). d) Definition of equidistant 647 
points along the functional edges (points are in a distance of 0.1 mm). e) Alignment of 648 
tangents at each point defined, and computation of the angle of tangent inclination relative to 649 
the chewing direction. Angles are sampled in-between 0° (parallel to the chewing direction) 650 
and 90° (perpendicular to the chewing direction). Therefore the two angles (α 1 and α 3) in this 651 
example are the same. 652 
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 654 
Figure 4. Bucco-lingual section of enamel ridges functioning as shearing edges. Narrow 655 
enamel ridges are subject to a greater degree of abrasion by food and do not contact 656 
the antagonistic tooth at the occlusal surface. Effect of the FR-algorithm applied in 657 
order to separate the ‘functional residual’ of two neighbouring enamel ridges each. 658 
Left: observed situation, right: ‘functional residual artefact’ computed. Black signature 659 
= enamel ridge, grey signature = dentine area, dashed: food. A thin enamel ridge (R1) 660 
luvsided of a wide enamel ridge (R2) situated in some distance from each other results 661 
in one functional enamel edge represented by the leading edge of ridge R2. b) A thin 662 
enamel ridge situated in close proximity to a wide ridge results in one functional edge 663 
represented by the leading edge of a ridge pattern artifact with the width of R1+R2. 664 
665 
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 665 
Figure 5. The effects of the applied FR-algorithm in the graphic representation of the data 666 
matrix representing the observed enamel ridge pattern. A) Upper M2 of Kobus ellipsiprymnus 667 
(grazer; ZMUK-R-1721). B)  Upper M2 of Tragelaphus strepsiceros (browser; SMF-510). 668 
Left column: observed enamel ridge pattern (OM).  Central column: ‘functional residual 669 
matrix’ (FRM) representing an enamel ridge pattern artifact reflecting the functionality of 670 
ridges by fusing close enamel ridges and erasing isolated thin ridges. Note that the thin 671 
enamel ridge R3 and the central pillar (cp) in Tragelaphus strepsiceros is erased by the FR-672 
algorithm. Both structures do thus not contribute to the functional shearing edge pattern. Two 673 
circular, pillar-like structures (ps) are composed of the ‘ectoloph’ (R1) and the second enamel 674 
ridge in K. ellipsiprymnus and other grazers. The lingual dentine basing becomes obvious in 675 
T. strepsiceros. The arrow indicates the direction of the chewing stroke; the anterior side is to 676 
the left. Right column: ‘functional edge matrix’ (FEM) representing the buccal (leading) 677 
edges of the FRM pattern acting as active shearing edges during the occlusal power stroke. 678 
‘High angles (more oriented perpendicular to the chewing stroke) indicated in black, ‘low 679 
angles’ (more oriented parallel to the chewing stroke) indicated in grey. 680 
681 
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 681 
Figure 6. Fifty % majority rule maximum likelihood tree (100,000 puzzling steps), depicting 682 
the phylogenetic relationships among complete mitochondrial cytochrome b sequences from 683 
37 ruminant taxa as used in the phylogenetically controlled statistics in this study (accession 684 
codes from GenBank (http://www.ncbi.nlm.nih.gov). 685 
686 
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30 
Figure 7. Calibrated frequencies of enamel edge alignments plotted for A) browsers, B) 687 
intermediate feeders, and C) grazers (one set of averages per species). Frequencies are plotted 688 
in 18 clusters of 5° each. The random distribution is at 5.6% in each cluster (horizontal line). 689 
Note the increase in low angle ridge alignment, and the concomitant decrease of high angle 690 
ridge alignment, in the grazer category. Data from Table 1. 691 
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 694 
Figure 8. Calibrated frequencies of enamel edge alignments plotted for ruminants of different 695 
body mass categories (one set of averages per mass category). Frequencies are plotted in 18 696 
clusters of 5° each. The random distribution is at 5.6% in each cluster (horizontal line). Note 697 
the increase in low angle ridge alignment, and the concomitant decrease of high angle ridge 698 
alignment, in the higher body mass categories. Data from Table 1. 699 
 700 
701 
32 
 701 
A 
 
 
B 
 
C 
 
 
D 
 
E 
 
F 
 
Figure 9. Correlations between body mass and the calibrated frequency of enamel ridge 702 
alignment for the cluster of angles between A) 0°-45° and B) 10°-40°; and between the 703 
percentage of grass in the natural diet (%grass) and the calibrated frequency of enamel ridge 704 
alignment for the cluster of angles between C) 0°-45° and D) 10°-40°, and the respective body 705 
mass residuals (calculated using Phylogenetic Generalized Least-Squares) for the clusters of 706 
E) 0°-45° and F) 10°-40°, in ruminants of different feeding type categories. Note the increase 707 
in enamel ridge alignment in this angle range with body mass, and with %grass, even after 708 
calculating residuals.  709 
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Figure 10. Calibrated frequencies of enamel edge alignments plotted for different Bovinae (A) 713 
and Cervidae (B). Frequencies are plotted in 18 clusters of 5° each. Data from Table 1. 714 
